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Non-Nuclear Role for Num1p
It is an established assumption that the inheritance of intracellular
organelles into daughter cells is not left to chance. A recent study by
Rob Jensen and coworkers provides a new link between a protein
required for the inheritance of nuclei in yeast with the positioning and
morphology of the mitochondria.Astrid C. Schauss
and Heidi M. McBride
The mitochondria and the nucleus
both contain DNA, but the
machinery that governs their
inheritance is distinct. The
inheritance of nuclear DNA in both
yeast and higher eukaryotes is
tightly regulated and has been the
subject of intense investigation
for many years. In contrast,
although the segregation of the
DNA-containing mitochondria in
yeast requires cytoskeletal
elements for directed transport into
the bud, the regulation of
mitochondrial segregation in
higher eukaryotes is poorly
understood. It is thought that the
positioning of the cleavage furrow
during cytokinesis provides
a physical barrier that passively
confines two populations of
mitochondria within each daughter
cell. However, a recent study by the
group of Rob Jensen [1] has
uncovered an unexpected link
between the regulation of nuclear
segregation and mitochondrial
morphology and inheritance.
Num1p (nuclear migration 1)
plays a critical role in co-ordinating
nuclear movement into the yeast
daughter bud. It is a large, 313 kDa
protein that is anchored through its
carboxy-terminal pleckstrin
homology (PH) domain to domains
enriched in phosphatidylinositol
(3,4) bisphosphate (PI(3,4)P2) at the
cell cortex in the yeastSaccharomyces cerevisiae [2,3].
Num1p binds to dynein (Pac11p)
and tubulin (Tub3p), interactions
that are required for microtubule
sliding, a process essential for the
movement of the nuclei across the
bud neck [2,4,5]. Num1p also binds
to the formin Bni1p, which is
recruited to the plasma membrane
through active Rho GTPases [6].
Bni1p promotes the growth of new
actin filaments from its cortical
position at the bud tip [6] and is
required for the localization of
Num1p at the bud tip, since its loss
leads to a relocalization of Num1p
to the bud neck [2]. Although
a function for Num1p in nuclear
segregation has been well
established, its role in the mother
cell has been less clear. Num1p
was identified in an early genetic
screen for proteins required to
maintain mitochondrial
morphology, a process unrelated
to nuclear segregation [7]. The
recent work by Rob Jensen and
coworkers [1] has now
independently identified Num1p
from a suppressor screen where
the expression of a truncated form
of Num1p rescued the fused,
net-like phenotype of a
mitochondrial dynamin mutation,
DNM1-109p. This genetic
interaction was further verified
using a TAP-tagging approach
which showed that 10–30% of the
total cellular Num1p protein is
bound to Dnm1p. This new role of
Num1p in organelle inheritancehighlights a potentially important
link between mitochondrial
inheritance and fission.
Although Num1p is a core
component of nuclear segregation,
this recent work revealed that the
loss of Num1p did not affect
mitochondrial inheritance into the
bud, suggesting that it is not
a primary determinant in the
retention or delivery of
mitochondria during mitosis [1].
However, when both Dnm1p and
Num1p were deleted, then the
fused, net-like mitochondrial
reticulum was seen to migrate
entirely into the daughter bud in
around 20% of the cells. The
contribution of Num1p in the
retention of mitochondria in the
mother must be considered within
the context of the other known
determinants of mitochondrial
segregation in yeast. Work by Liza
Pon and others has shown that the
movement of mitochondria along
actin cables requires the
actin-nucleating Arp2/3 complex,
which is recruited to mitochondria
by the PUF family member Jsn1p
[8]. Mitochondrial-associated
Arp2/3 triggers polymerization of
new actin filaments, providing the
force for anterograde movement
into the bud. Retrograde
movement of mitochondria
towards the mother pole is due
to the mitochore-dependent
anchoring of the mitochondria
upon an actin cable that is actively
growing from the bud tip [9]. The
Bni1p-dependent growth of the
actin cable initiated from the bud
tip effectively pushes the cable
backwards and carries the
associated mitochondria in
a retrograde direction towards the
mother pole (Figure 1A).
Although it is localized
throughout the cell, Bni1p is
specifically targeted to the bud tips
during mitosis where it recruits








Figure 1. Model for the role of Num1p in
mitochondrial segregation and fission.
(A) Retrograde mitochondrial movement
(mitochondria shown in grey) results
from the insertion of new actin mono-
mers into the barbed end of the growing
filament within the bud tip (shown as
lighter blue). This actin polymerization
is mediated by the formin Bni1p, which
also recruits Num1p to the pole. We
speculate that during mitosis the
Bni1p–Num1p complex may function to
anchor mitochondria through the inter-
actions between Num1p and the dyna-
min-related GTPase Dnm1p, as shown
by Jensen and colleagues [1]. Once
the mitochondria fragment, they would
then become anchored to the growing
actin cable through the actin-binding
mitochore complex and travel back to-
wards the mother cell. Anterograde
movement of mitochondria into the
bud tip has been shown to be mediated
by actin polymerization from the mito-
chondrial-associated Arp2/3 complex.
This complex requires Jsn1p for mito-
chondrial membrane association.
Num1p and Bni1p complexes, although
enriched at the daughter pole during mi-
tosis, are not exclusive to the bud tip.
Their peripheral localizations probably
help to facilitate mitochondrial fission
events throughout the cell. The two
boxed regions represent potential fis-
sion events that are expanded upon in
(B). (B) The activation of Rho GTPases
at the cell surface leads to the recruit-
ment of Bni1p, which regulates the for-
mation of actin cables. Bni1p recruits
Num1p to these sites, thereby placing
Num1p at active sites of cytoskeletal
assembly. Jensen and colleagues [1]
have shown that Num1p anchors mito-
chondria to the plasma membrane
through its interaction with PI(4,5)P2
and Dnm1p. This cortically anchored
Dnm1p may bind to the integral mem-
brane protein Fis1p via the adaptor
proteins Mdv1p or Caf4p. At sites of fis-
sion, Dnm1p forms spirals that constrict
in a GTP-dependent manner. If the mito-
chore complex anchors one half of the
dividing mitochondrion, then the force
of the growing actin cable may provide
the required tension within the con-
stricted region that aids the process of
membrane scission.Num1p. Given the specific
interaction between Num1p and
Dnm1p identified in the new study
by Jensen and colleagues [1], it is
possible that Num1p serves as an
anchor point where individual
mitochondria are separated from
the larger tubular elements for
transport back to the mother. In
this sense, the ability to sever
smaller fragments of mitochondria
within the daughter bud and
send them back along the
Bni1p-dependent growing actincables is a tempting idea
(Figure 1A). Although this process
probably occurs at the bud tips, it is
evidently not essential for the
retention of mitochondria in the
mother, since there is no obvious
mitochondrial segregation
phenotype in the single num1D
cells. We will need to learn more
about the mechanisms of
mitochondrial retention in the
mother before we can understand
the contributions of Num1p to this
process.In addition to being localised at
the bud tip, Num1p is enriched at
sites throughout the mother cell
that play a central role in
steady-state mitochondrial fission
[1]. In budding yeast, the
mitochondrial tubules are
distributed just under the cell
cortex where they can branch, fuse
together and divide regularly [10].
The plasticity of the mitochondrial
reticulum is known to be essential
for its proper function; however,
the mechanisms that regulate and
Dispatch
R469facilitate these events are not well
understood. Like other systems of
membrane fission, mitochondria
utilize a dynamin-like GTPase
(Dnm1p) that oligomerizes into
a collar around the mitochondrial
tubule, and upon GTP hydrolysis is
thought to constrict and drive
scission. The assembly of Dnm1p
into the oligomeric state is aided by
a 17 kDa integral membrane
protein Fis1p, which anchors the
Dnm1p adaptor protein Mdv1p into
foci along the mitochondrial
tubules [10]. Mdv1p contains
a number of WD40 repeats that are
required for the assembly of
Dnm1p oligomers. A second WD40
repeat-containing adaptor protein
called Caf4p is partially functionally
redundant with Mdv1p [11]. The
loss of Fis1p, Mdv1p or Dnm1p all
result in a similar mitochondrial
phenotype where the mitochondria
become highly interconnected into
net-like structures. Loss of Caf4p
does not result in this phenotype,
indicating that its role is more
specialized [11]. Interestingly, the
Dnm1p that is recruited to the
mitochondria is uniformly
anchored to the cortical side of
the mitochondrial tubule in
a Caf4p-dependent manner,
suggesting a unique function for
Caf4p in the polarized recruitment
of Dnm1p [12].
Jensen and colleagues [1] have
now added Num1p to the growing
list of mitochondrial fission
components. Although the loss of
Num1p resulted primarily in
a fused, net-like mitochondrial
phenotype, it is not yet clear how
Num1p should be positionedwithin
the fission/constriction process.
One quarter of the cells lacking
Num1p contained highly
fragmented mitochondria, which
indicates that the fissionmachinery
is functional without Num1p. In
addition, video microscopy
documented fission events, albeit
with reduced efficiency. As the
Num1p–Dnm1p complex is formed
in the absence of the two other
known fission components (Fis1p
and Mdv1p), the authors
considered it to be an additional
fission complex that would mark
unique sites [1]. However, it is not
clear whether these Num1p–Dnm1
complexes are found adjacent to or
within active fission sites. If Num1pbinds to Dnm1p but is not essential
for membrane scission, then what
is the function of this interaction? In
the absence of Num1p, there was
an increase in the cytosolic Dnm1p
puncta, suggesting that Num1p
may play a role in the recruitment or
stability of Dnm1p on the
mitochondrial membrane.
Consistent with this, the motility of
the Dnm1p foci along the
mitochondrial tubules was
increased in the absence of
Num1p, an effect which was
dependent on the actin
cytoskeleton.
Together, these data argue that
Num1p and filamentous actin may
help facilitate the stable
association of Dnm1p with the
cortical side of the mitochondrial
tubule. Num1p may therefore
function to carefully position both
themitochondria and Dnm1p at the
cortex where fission is enhanced
through the structural contribution
of the cortical cytoskeleton (see
model in Figure 1B). Since Num1p
and Bni1p interact, it is likely that
the sites of Dnm1p anchoring
would be adjacent to
a polymerizing actin cable induced
by the formin. If the mitochore
complex binds this growing cable,
then the force of the lengthening
actin filament, positioned under the
cortex, could help to pull the
dividing mitochondrion apart.
Since the Dnm1p oligomer would
be anchored within the Num1p
complex at the cortex, the pull on
the mitochondrion by its
association with growing actin
could provide additional torsion,
a force that was shown to be
required for Dnm1p-mediated
scission [13]. The anchoring of
Dnm1p oligomers may also explain
why Dnm1p is commonly observed
to remain on only one half of the
dividing mitochondrial tubule [14].
It is important to note that the loss
of Bni1p, Arp2/3, Jsn1p, or any of
the mitochore components all lead
to an inhibition of mitochondrial
fission [7,9,15], which is consistent
with a core function for these
machineries in driving membrane
scission.
Althoughwe have learned a great
deal from these studies in
Saccharomyces cerevisiae, what
do we know about mitochondrial
segregation and fission in highereukaryotes? In terms of mitosis
and mitochondrial inheritance, it is
generally considered that the total
mass of mitochondria would
simply be split by virtue of their
uniform distribution. However, it
was recently demonstrated in
HeLa cells that there is
increased fragmentation of
mitochondria at the onset of
mitosis, which is due to the
Cdk1–cyclin B-dependent
phosphorylation of
dynamin-related protein 1 (DRP1)
[16]. If the cytoskeleton plays an
important function in mitochondrial
fission, then the cell-cycle-
dependent changes in actin and
microtubule dynamics may also
indirectly modulate mitochondrial
fission and motility during
cytokinesis.
Since Num1p is involved in
anchoring Dnm1p to the cortical
side of a mitochondrial tubule, it
would suggest that similar systems
may exist in mammalian cells to
anchor DRP1 to stable cytoskeletal
elements. Indeed, it has been
shown that actin patches are
localized around DRP1 puncta at
sites of mitochondrial fission,
consistent with a conservation of
mechanism [17]. For now, it is clear
that the association of the
mitochondria with the cortex of
budding yeast is facilitated through
the Num1p–Dnm1p interaction.
The requirement for this
positioning in mitochondrial fission
will open up new lines of
investigation into the regulation of
mitochondrial morphology,
inheritance and function
throughout the cell cycle both in
budding yeast and mammalian
cells.
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such that more DNA causes nuclei
and cells to swell.
The observations that birds and
bats have the smallest genomes
among vertebrates, and that,
among birds, flightless species
tend to have the largest genomes,
led to the idea that the
metabolically intense demands
of powered flight introduced
a constraint on genome size [4,5].
According to this view, the
evolution of avian flight was
accompanied by a reduction in
size and streamlining of genomes.
While interesting, the hypothesis
has remained speculative, because
it has not been possible to test if
there was a transition from large to
small genomes when the early
ancestors of modern birds
diverged from other dinosaurs
(birds, Aves, are now recognised
as being nested within theropod
dinosaurs, which are bipedal
predators). However, Organ et al.
[6] have now brought genomics to
the extinct world of dinosaurs by
capitalising on the correlation
between genome size and cell size.
They estimated the size of
osteocytes (bone cells) in 31
extinct species of dinosaurs by
measuring the cavities in fossilized
bone in which cells once resided.
After having calibrated the
relationship between osteocyte
size and genome size using data
from extant species, dinosaur
genome sizes were then
